Abstract: A series of heterocyclic compounds bearing the well-known free radical scavenging 3,4,5-trimethoxybenzyloxy group, was synthesized. The key compound 4-(3,4,5-trimethoxybenzyl -oxy)benzohydrazide was converted into thiosemicarbazide derivatives, which were subsequently cyclized with NaOH to provide 1,2,4-triazole derivatives. Alternative treatment of the acid hydrazide with carbon disulfide in the presence of KOH led to the corresponding 1,3,4-oxadiazole and various alkylated derivatives. The newly synthesized compounds were purified and the structures of the products were elucidated and confirmed on the basis of their analytical and spectral data. Their antioxidant activities were evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH ‚ ) and Ferric Reducing Antioxidant Power (FRAP) assays. The thiosemicarbazide derivatives were highly active in both antioxidant assays with the lowest IC 50 value for DPPH radical scavenging. Theoretical calculations based on density functional theory (DFT) were performed to understand the relative importance of NH, SH and CH hydrogens on the radical scavenging activities of these compounds.
Introduction
Reactive oxygen species (ROS) is a collective term for different reactive molecules and free radicals derived from molecular oxygen, which are continuously produced as byproducts of mitochondrial electron transport of cellular respiration in the body. The most common ROS include superoxide anion (O 2´) , hydrogen peroxide (H 2 O 2 ), hydroxyl radical (HO ‚ ) and singlet oxygen ( 1 O 2 ) [1] . These species are unstable and easily react with other molecules to achieve stability. The detrimental effects of free radicals occur when they are present in large quantities, i.e., if there is an imbalance between the production and removal/inactivation of ROS. The pro-oxidative state when ROS level exceeds the capability of defense mechanisms is often referred to as "oxidative stress". This poses a threat to cells, causing damage to DNA, lipids and proteins, potentially leading to disease conditions such as cell ageing, cardiovascular diseases and cancerous tumor growth [2, 3] . Antioxidants provide protection against oxidative damage by scavenging free radicals and reducing ROS, hence inhibiting the oxidation of lipids or other molecules in biological systems [4] . For this reason, synthetic compounds are widely studied for their antioxidant activities using different methodologies [5, 6] .
Thiosemicarbazides are interesting derivatives, being versatile intermediates for the synthesis of important heterocycles, such as triazoles, thiadiazoles, oxadiazoles and thiazolidinones [7] . They form a large group of thiourea derivatives. The conjugated N-N-S tridentate ligand system of thiosemicarbazide (NH2-CS-NH-NH2) is responsible for various biological activities, which exhibit strong inhibitory effects on lipoprotein (LP) levels and substantially higher scavenging effects on the DPPH radicals than their cyclic analogues, 1,2,4-triazole-3(4H)-thiones [8] . The ability of heterocyclic compounds possessing 1,3,4-oxadiazole to undergo various chemical reactions make them privileged building blocks for pharmaceutically active compounds [9] .
The presence of methoxy groups on aromatic systems is important in microtubule-binding and cytotoxic behavior for cancer chemotherapy [10, 11] . An example is 10-(3,4,5-trimethoxy)benzyl-9(10H)-acridinone, which has shown high activity in in vitro antitumour tests against CCRF-CEM leukemia cells [12] . Structure activity relationship (SAR) studies on combretastatin A-4, which is an anti-tumour drug from the combretastatin group [13] , have shown that the 3,4,5-trimethoxyphenyl groups are important for its cytotoxic activity [14, 15] .
Another example of compounds with a 3,4,5-trimethoxy benzyl group is trimethoprim (TMP), one of the most frequently detected antibiotics in the environment, that has been detected in municipal wastewater effluent at concentrations of several hundred nanograms per liter [16] [17] [18] [19] . The antifolate TMP is used in the treatment of Pneumocystis carinii (pc) and Toxoplasma gondii (tg), the leading causes of mortality and morbidity in patients with AIDS [20] . Methoxy groups on aromatic also have been extensively investigated for their ferrous ion-chelating activities [10] , which may enhance the stability of the radical due to the electron conjugation effect.
The aim of this study was to synthesize a new series of hybrid molecules containing oxadiazoles, triazoles and their open-chain analogs thiosemicarbazides, and to determine their radical scavenging capacities. The new compounds were designed to have built-in multipotent antioxidants (MPAO) in one structure. This feature can be strongly correlated to C=O and C=S bonds, likewise, the presence of three amide NH groups in thiosemicarbazide, and the exchangeable proton in 1,2,4-triazole and 1,3,4-oxadiazole. The structures of these compounds are shown in Figure 1 . The synthesized compounds have been characterized by IR, NMR and mass spectral analyses. The antioxidant activities were experimentally verified using DPPH and FRAP assays, and further rationalized based on computational studies using DMOL3 on DFT-1. 
Results and Discussion

Synthesis
The syntheses are outlined in Schemes 1 and 2. All structures were confirmed by IR, NMR and mass spectral analyses. The synthesis of starting materials 1 and 2 followed a previous publication [21] . 
Results and Discussion
Synthesis
The syntheses are outlined in Schemes 1 and 2. All structures were confirmed by IR, NMR and mass spectral analyses. The synthesis of starting materials 1 and 2 followed a previous publication [21] . The thiosemicarbazides 3a-f were obtained in high yields by treatment of acid hydrazide 2 with aryl isothiocyanates in absolute ethanol [22] . Subsequent reflex with 4 M sodium hydroxide in ethanol resulted in the formation of 1,2,4-triazoles 4a-e [23] . However, 3f led to saponification of the hydrazide. Refluxing hydrazide 2 with carbon disulfide in ethanolic KOH [24] , provided the 1,3,4-oxadiazole 5, as shown in Scheme 1. It was alkylated with various alkyl halides, leading to compounds 6a-f. The thiosemicarbazides 3a-f were obtained in high yields by treatment of acid hydrazide 2 with aryl isothiocyanates in absolute ethanol [22] . Subsequent reflex with 4 M sodium hydroxide in ethanol resulted in the formation of 1,2,4-triazoles 4a-e [23] . However, 3f led to saponification of the hydrazide. Refluxing hydrazide 2 with carbon disulfide in ethanolic KOH [24] , provided the 1,3,4-oxadiazole 5, as shown in Scheme 1. It was alkylated with various alkyl halides, leading to compounds 6a-f. The synthesis of non-commercial halides is shown in Scheme 2. Refluxing aryl acid hydrazides with chloroacetic acid in the presence of phosphoryl chloride provided 2-chloromethyl-5-aryl-1,3,4-oxadiazoles (R′c-f) [25] .
In Vitro Free Radical Scavenging Activities
In general, the synthesized compounds 3-6 were tested for their antioxidant activities, in vitro using two widely used antioxidant assays, 2,2-diphenyl-1-picrylhydrazyl (DPPH • ) and Ferric Reducing Antioxidant Power (FRAP) assays [26, 27] . These assays deactivate radicals by two major mechanisms: the hydrogen atom transfer (HAT) and single electron transfer (SET) mechanism. The DPPH assay is The thiosemicarbazides 3a-f were obtained in high yields by treatment of acid hydrazide 2 with aryl isothiocyanates in absolute ethanol [22] . Subsequent reflex with 4 M sodium hydroxide in ethanol resulted in the formation of 1,2,4-triazoles 4a-e [23] . However, 3f led to saponification of the hydrazide. Refluxing hydrazide 2 with carbon disulfide in ethanolic KOH [24] , provided the 1,3,4-oxadiazole 5, as shown in Scheme 1. It was alkylated with various alkyl halides, leading to compounds 6a-f. The synthesis of non-commercial halides is shown in Scheme 2. Refluxing aryl acid hydrazides with chloroacetic acid in the presence of phosphoryl chloride provided 2-chloromethyl-5-aryl-1,3,4-oxadiazoles (R′c-f) [25] .
In general, the synthesized compounds 3-6 were tested for their antioxidant activities, in vitro using two widely used antioxidant assays, 2,2-diphenyl-1-picrylhydrazyl (DPPH • ) and Ferric Reducing Antioxidant Power (FRAP) assays [26, 27] . These assays deactivate radicals by two major mechanisms: the hydrogen atom transfer (HAT) and single electron transfer (SET) mechanism. The DPPH assay is The synthesis of non-commercial halides is shown in Scheme 2. Refluxing aryl acid hydrazides with chloroacetic acid in the presence of phosphoryl chloride provided 2-chloromethyl-5-aryl-1,3,4 -oxadiazoles (R 1 c-f) [25] .
In general, the synthesized compounds 3-6 were tested for their antioxidant activities, in vitro using two widely used antioxidant assays, 2,2-diphenyl-1-picrylhydrazyl (DPPH ‚ ) and Ferric Reducing Antioxidant Power (FRAP) assays [26, 27] . These assays deactivate radicals by two major mechanisms: the hydrogen atom transfer (HAT) and single electron transfer (SET) mechanism. The DPPH assay is based on either a HAT or a SET mechanism, while FRAP assay is based on a SET mechanism. Owing to the different reaction mechanisms, DPPH and FRAP determined antioxidant activities differ in value. The HAT mechanism is solvent and molecular structure independent and usually quite rapid, typically completed in seconds to minutes [28] . HAT measures the classical ability of an antioxidant to quench free radicals by hydrogen donation. SET measures the ability of a potential antioxidant to transfer one electron to reduce the radicals [29] . SET requires the initial formation of a cation radical from ArXH by transfer of an electron to the radical, followed by rapid deprotonation of ArXH`‚, which compensates for the charge of the initial anion R¯ [30] .
DPPH Free Radical Scavenging Activities
The synthesized compounds 3-6 were tested against DPPH at different concentrations and were compared with ascorbic acid (AA) and butylated hydroxytoluene (BHT), as standard antioxidants. All results are presented as IC 50 values and maximum radical scavenging in Table 1 . 
Results are expressed as a mean˘standard deviation (n = 3). a DPPH radical scavenging activities are expressed as IC 50 concentrations of the compounds (µg/mL) required to inhibit 50% of the radicals; b The maximum inhibition of radical scavenging is the inhibition at 125 µg/mL concentration; c FRAP, ferric reducing antioxidant power; NA: did not reach 50% inhibition of the DPPH radicals at the concentrations used in this study; AA*: Ascorbic acid.
The higher free radical scavenging activities of thiosemicarbazide compounds 3a-f, could be attributed to the presence of an NH group from the aromatic amines in the thiosemicarbazides, which can donate a hydrogen atom via a HAT mechanism leading to neutralization of the DPPH radical [31] . The resulting free radical was stabilized by delocalization of the odd electron into the aromatic ring [32] . The DPPH radical scavenging potential of thiosemicarbazide compounds 3a-f can be explained according to the proposed mechanism in Scheme 3 [33] . The higher free radical scavenging activities of compounds 3a-f, could be attributed to the presence of an NH group attached to the aromatic ring in thiosemicarbazides, which can donate a hydrogen atom HAT mechanism, leading to neutralization of the DPPH radical [31] . The scavenging mechanism showed that the arylthiourea in thiosemicarbazides is able to neutralize two DPPH radicals. Due to their steric hindrance a reaction of two DPPH molecules is not possible [34] . Support for the proposed mechanism is provided by a previous report on the antioxidant activities of aromatic amine derivatives [35] , and five-membered heterocyclic amines [36] . The aromatic amines form an important class of antioxidants, similar to phenolic derivatives [37] . They can easily transfer their amine hydrogen to peroxyl radicals, making them good H-donors [38] . to neutralization of the DPPH radical [31] . The scavenging mechanism showed that the arylthiourea in thiosemicarbazides is able to neutralize two DPPH radicals. Due to their steric hindrance a reaction of two DPPH molecules is not possible [34] . Support for the proposed mechanism is provided by a previous report on the antioxidant activities of aromatic amine derivatives [35] , and five-membered heterocyclic amines [36] . The aromatic amines form an important class of antioxidants, similar to phenolic derivatives [37] . They can easily transfer their amine hydrogen to peroxyl radicals, making them good H-donors [38] . Further evidence can be found in the antioxidant activity of phenethyl-5-bromo-2-pyridyl thiourea, which exists in both thiol and thione form. The thiol has been shown to exhibit antiradical activities and all phenethyl-5-bromo-2-pyridyl thiourea compounds exhibited antioxidant activities ( Figure 2I ). The thiol-thione tautomerism has been evaluated based on implications from the antioxidant activities. The results using S-alkylated derivatives indicated that an unalkylated thiourea group is critical for antioxidant activity and that S-alkylation virtually eliminates this activity ( Figure 2II ). This result suggests that the thiol group (II) is responsible for the antioxidant activities due to its favorable electron-donating characteristics [39] .
As can be seen from Table 1 , the thiosemicarbazides 3a-f, exhibited stronger inhibitory effects in both antioxidant assays than triazoles 4a-e or oxadiazole 5 and its derivatives 6a-f. All thiosemicarbazides achieved >50% inhibition of the DPPH radical. The order of the activity is as follows: 3f > 3d > 3b > 3a > 3c > 3e. These activities are comparable to ascorbic acid (AA) and butylated hydroxytoluene (BHT) standards [40, 41] . Among these, compound 3f with IC50 29 ± 2 and maximum inhibition of 89% ± 1.9% demonstrated the highest activity. The presence of a strong electron- Further evidence can be found in the antioxidant activity of phenethyl-5-bromo-2-pyridyl thiourea, which exists in both thiol and thione form. The thiol has been shown to exhibit antiradical activities and all phenethyl-5-bromo-2-pyridyl thiourea compounds exhibited antioxidant activities ( Figure 2I ). The thiol-thione tautomerism has been evaluated based on implications from the antioxidant activities. to neutralization of the DPPH radical [31] . The scavenging mechanism showed that the arylthiourea in thiosemicarbazides is able to neutralize two DPPH radicals. Due to their steric hindrance a reaction of two DPPH molecules is not possible [34] . Support for the proposed mechanism is provided by a previous report on the antioxidant activities of aromatic amine derivatives [35] , and five-membered heterocyclic amines [36] . The aromatic amines form an important class of antioxidants, similar to phenolic derivatives [37] . They can easily transfer their amine hydrogen to peroxyl radicals, making them good H-donors [38] . Further evidence can be found in the antioxidant activity of phenethyl-5-bromo-2-pyridyl thiourea, which exists in both thiol and thione form. The thiol has been shown to exhibit antiradical activities and all phenethyl-5-bromo-2-pyridyl thiourea compounds exhibited antioxidant activities ( Figure 2I ). The thiol-thione tautomerism has been evaluated based on implications from the antioxidant activities. The results using S-alkylated derivatives indicated that an unalkylated thiourea group is critical for antioxidant activity and that S-alkylation virtually eliminates this activity ( Figure 2II ). This result suggests that the thiol group (II) is responsible for the antioxidant activities due to its favorable electron-donating characteristics [39] .
As can be seen from Table 1 , the thiosemicarbazides 3a-f, exhibited stronger inhibitory effects in both antioxidant assays than triazoles 4a-e or oxadiazole 5 and its derivatives 6a-f. All thiosemicarbazides achieved >50% inhibition of the DPPH radical. The order of the activity is as follows: 3f > 3d > 3b > 3a > 3c > 3e. These activities are comparable to ascorbic acid (AA) and butylated hydroxytoluene (BHT) standards [40, 41] . Among these, compound 3f with IC50 29 ± 2 and maximum inhibition of 89% ± 1.9% demonstrated the highest activity. The presence of a strong electron- The results using S-alkylated derivatives indicated that an unalkylated thiourea group is critical for antioxidant activity and that S-alkylation virtually eliminates this activity ( Figure 2II ). This result suggests that the thiol group (II) is responsible for the antioxidant activities due to its favorable electron-donating characteristics [39] .
As can be seen from Table 1 , the thiosemicarbazides 3a-f, exhibited stronger inhibitory effects in both antioxidant assays than triazoles 4a-e or oxadiazole 5 and its derivatives 6a-f. All thiosemicarbazides achieved >50% inhibition of the DPPH radical. The order of the activity is as follows: 3f > 3d > 3b > 3a > 3c > 3e. These activities are comparable to ascorbic acid (AA) and butylated hydroxytoluene (BHT) standards [40, 41] . Among these, compound 3f with IC 50 29˘2 and maximum inhibition of 89%˘1.9% demonstrated the highest activity. The presence of a strong electron-withdrawing group, such as NO 2 on the phenyl ring, had a great impact on the activity. The electron withdrawing effect polarizes the π-electrons of the phenyl ring, which enhances the acidity of the conjugated NH group, exceeding the acidity of the other NH groups in the compound. Therefore, the thioamide hydrogen can be abstracted to form a structure stabilized by delocalization of electrons throughout the molecule, as shown in Scheme 4. Compounds 3f, 3d, 3b and 3a, with substitution on the para-position of the phenyl ring, regardless of whether it is electron donating or withdrawing, are likely to be more active than the ortho-and meta-substituted compounds 3c and 3e, respectively. A pattern of increasing activity follows the order, para > ortho > meta [42] . The p-methoxy substituents exhibit higher activity than the ortho-analog. This is in agreement with other reports describing the decrease in radical scavenging activities of phenol (or aniline), upon substitution in the ortho-position. withdrawing group, such as NO2 on the phenyl ring, had a great impact on the activity. The electron withdrawing effect polarizes the π-electrons of the phenyl ring, which enhances the acidity of the conjugated NH group, exceeding the acidity of the other NH groups in the compound. Therefore, the thioamide hydrogen can be abstracted to form a structure stabilized by delocalization of electrons throughout the molecule, as shown in Scheme 4. Compounds 3f, 3d, 3b and 3a, with substitution on the para-position of the phenyl ring, regardless of whether it is electron donating or withdrawing, are likely to be more active than the ortho-and meta-substituted compounds 3c and 3e, respectively. A pattern of increasing activity follows the order, para > ortho > meta [42] . The p-methoxy substituents exhibit higher activity than the ortho-analog. This is in agreement with other reports describing the decrease in radical scavenging activities of phenol (or aniline), upon substitution in the ortho-position. The reason for the decreased radical scavenging activity of ortho-alkoxy compounds is an intramolecular hydrogen bonding involving the NH as donor and free electron pairs on the oxygen as acceptor [43] . This hydrogen bond strengthens the binding of the thioamidic NH-hydrogen, requiring more energy for its removal and, hence, reduces the DPPH scavenging activity [44] . This H-bond increases the energy needed to abstract the hydrogen atom from a phenolic hydroxyl group [45] , a similar effect is to be expected for the NH group of compound 3c based on the hydrogen bonding shown in Figure 3 . On the other hand, the 1,2,4-triazole compounds 4a-e, as well as the hydrolyzed compound 4f exhibited only moderate to low DPPH radical scavenging activities, comparable with BHT as listed in Table 1 . The activities decrease in the order, 4a > 4d > 4b > 4f > 4c > 4e. Compound 4a, which has a The reason for the decreased radical scavenging activity of ortho-alkoxy compounds is an intramolecular hydrogen bonding involving the NH as donor and free electron pairs on the oxygen as acceptor [43] . This hydrogen bond strengthens the binding of the thioamidic NH-hydrogen, requiring more energy for its removal and, hence, reduces the DPPH scavenging activity [44] . This H-bond increases the energy needed to abstract the hydrogen atom from a phenolic hydroxyl group [45] , a similar effect is to be expected for the NH group of compound 3c based on the hydrogen bonding shown in Figure 3 . withdrawing group, such as NO2 on the phenyl ring, had a great impact on the activity. The electron withdrawing effect polarizes the π-electrons of the phenyl ring, which enhances the acidity of the conjugated NH group, exceeding the acidity of the other NH groups in the compound. Therefore, the thioamide hydrogen can be abstracted to form a structure stabilized by delocalization of electrons throughout the molecule, as shown in Scheme 4. Compounds 3f, 3d, 3b and 3a, with substitution on the para-position of the phenyl ring, regardless of whether it is electron donating or withdrawing, are likely to be more active than the ortho-and meta-substituted compounds 3c and 3e, respectively. A pattern of increasing activity follows the order, para > ortho > meta [42] . The p-methoxy substituents exhibit higher activity than the ortho-analog. This is in agreement with other reports describing the decrease in radical scavenging activities of phenol (or aniline), upon substitution in the ortho-position. The reason for the decreased radical scavenging activity of ortho-alkoxy compounds is an intramolecular hydrogen bonding involving the NH as donor and free electron pairs on the oxygen as acceptor [43] . This hydrogen bond strengthens the binding of the thioamidic NH-hydrogen, requiring more energy for its removal and, hence, reduces the DPPH scavenging activity [44] . This H-bond increases the energy needed to abstract the hydrogen atom from a phenolic hydroxyl group [45] , a similar effect is to be expected for the NH group of compound 3c based on the hydrogen bonding shown in Figure 3 . On the other hand, the 1,2,4-triazole compounds 4a-e, as well as the hydrolyzed compound 4f exhibited only moderate to low DPPH radical scavenging activities, comparable with BHT as listed in Table 1 . The activities decrease in the order, 4a > 4d > 4b > 4f > 4c > 4e. Compound 4a, which has a On the other hand, the 1,2,4-triazole compounds 4a-e, as well as the hydrolyzed compound 4f exhibited only moderate to low DPPH radical scavenging activities, comparable with BHT as listed in Table 1 . The activities decrease in the order, 4a > 4d > 4b > 4f > 4c > 4e. Compound 4a, which has a p-chlorophenyl group with an IC 50 = 154˘11 and 46%˘1.6% inhibition, has better activity than the other compounds [46] . The compounds with electron donating substituents, such as p-CH 3 (4d) and p-OCH 3 (4b) exhibited higher antioxidant activities than the remaining compounds 4f, 4c and 4e [47] . The stereoelectronic effects of the p-methoxy group stabilized the aryloxyl or arylaminyl radical through a p-type lone-pair orbital on the para heteroatom as reported in the literature [47, 48] .
DFT Study of the DPPH Radical Scavenging Activities of Thiosemicarbazide
In order to rationalize the experimental observations, density functional theory (DFT) calculations have been carried out to estimate the actual energetics for different reactions, and evaluate the stability of radicals generated by H-abstraction from NH groups in the synthesized compounds. Bond dissociation enthalpies (BDEs) have also been calculated at the B3LYP theory level for the respective H atom elimination paths. The calculations applied DMSO solvent-phase conditions. The two main factors determining the free radical scavenging activity of antioxidants are the strength of the bond for the hydrogen atom and the electron donating ability of the antioxidants. Lower BDEs are associated with higher antioxidant activity [38] . Table 2 lists the calculated value in DMSO solvent-phase BDEs for the studied compound 3f. Comparing the BDE values suggests abstraction of H in r1, i.e., at the thioamide group. For this radical, the p-type orbital of the nitrogen atom at the nitro group delocalizes the unpaired electron, stabilizing the radical and lowering the BDE. As expected, the decrease in the electron density at N1 for 3f-r1 is reflected in the low spin density. The density distributions of the semi-occupied orbital (SOMOs), spin densities and BDE of the respective radical species of compound 3f in different positions were determined separately. The results for these separate calculations are summarized in Figure 4 . p-chlorophenyl group with an IC50 = 154 ± 11 and 46% ± 1.6% inhibition, has better activity than the other compounds [46] . The compounds with electron donating substituents, such as p-CH3 (4d) and p-OCH3 (4b) exhibited higher antioxidant activities than the remaining compounds 4f, 4c and 4e [47] . The stereoelectronic effects of the p-methoxy group stabilized the aryloxyl or arylaminyl radical through a p-type lone-pair orbital on the para heteroatom as reported in the literature [47, 48] .
In order to rationalize the experimental observations, density functional theory (DFT) calculations have been carried out to estimate the actual energetics for different reactions, and evaluate the stability of radicals generated by H-abstraction from NH groups in the synthesized compounds. Bond dissociation enthalpies (BDEs) have also been calculated at the B3LYP theory level for the respective H atom elimination paths. The calculations applied DMSO solvent-phase conditions. The two main factors determining the free radical scavenging activity of antioxidants are the strength of the bond for the hydrogen atom and the electron donating ability of the antioxidants. Lower BDEs are associated with higher antioxidant activity [38] . Table 2 lists the calculated value in DMSO solvent-phase BDEs for the studied compound 3f. Comparing the BDE values suggests abstraction of H in r1, i.e., at the thioamide group. For this radical, the p-type orbital of the nitrogen atom at the nitro group delocalizes the unpaired electron, stabilizing the radical and lowering the BDE. As expected, the decrease in the electron density at N1 for 3f-r1 is reflected in the low spin density. The density distributions of the semi-occupied orbital (SOMOs), spin densities and BDE of the respective radical species of compound 3f in different positions were determined separately. The results for these separate calculations are summarized in Figure 4 . The BDE in 3f-r2 increased due to the involvement of the hydrogen in an intramolecular hydrogen bond with the hydrazide carbonyl, which requires more energy to be abstracted. The same applies for 3f-r3 based where a thiocarbonyl is involved. In fact, the position of r3 requires even more energy for the abstraction of the H. The BDE in 3f-r2 increased due to the involvement of the hydrogen in an intramolecular hydrogen bond with the hydrazide carbonyl, which requires more energy to be abstracted. The same applies for 3f-r3 based where a thiocarbonyl is involved. In fact, the position of r3 requires even more energy for the abstraction of the H.
DPPH Free Radical Scavenging Activities for Oxadiazole
Compound 5 exhibited strong scavenging effect on the DPPH radical, with an IC 50 value of 45˘2 µg/mL and 73%˘1.6% maximal inhibition. This inhibition is greater than that of BHT. The strong radical scavenging activity of compound 5 is attributed to the acidic proton in the oxadiazole moiety based on a HAT mechanism. Conjugation of the primary radical, resulting from the removal of an H-atom from the heterocycle, stabilizes the radical, thus lowering its energy. A proposed mechanism for the scavenging of the DPPH free radical by compound 5 is presented in Scheme 5. Compound 5 exhibited strong scavenging effect on the DPPH radical, with an IC50 value of 45 ± 2 µg/mL and 73% ± 1.6% maximal inhibition. This inhibition is greater than that of BHT. The strong radical scavenging activity of compound 5 is attributed to the acidic proton in the oxadiazole moiety based on a HAT mechanism. Conjugation of the primary radical, resulting from the removal of an H-atom from the heterocycle, stabilizes the radical, thus lowering its energy. A proposed mechanism for the scavenging of the DPPH free radical by compound 5 is presented in Scheme 5. Previously reported work has described the proposed mechanism [39] , in which both thiol and thione tautomeric forms are responsible for the antioxidant activity. The interaction of the oxadiazole derivatives with the DPPH free radical indicates their free radical scavenging ability. Compounds 6a-f did not reach 50% inhibition of the DPPH radicals within the concentration range investigated in this study. In contrast, S-alkylation of compound 5 eliminated its activity, which indicates the critical role of the exchanging proton for the antioxidant behavior of the compound, thus suggesting the involvement of this bond in a HAT mechanism. Previous studies have already stated the importance of non-S-alkylated thioamide [49] , especially the antioxidant activities for the thiourea group [50] . It is assumed that the low remaining radical scavenging activities following S-alkylation originates from a SET mechanism, which involves electron transfer followed by proton abstraction.
The DPPH free radical scavenging activity of compounds 6a-f can arise either from a methylene (CH2) group attached to the 3,4,5-trimethoxyphenyl ring or from the CH2 near the oxadiazole moiety. A reactive free radical can undergo electron transfer or abstract an H-atom from either of these two sites [51, 52] . The low activity of S-alkylated derivatives of 5 indicate that hydrogen abstraction from the -CH2 group in these compounds by DPPH is not a favored process. The order of DPPH radical scavenging activities based on maximal inhibition, of the oxadiazole derivatives 6a-f were 6f > 6e > 6d > 6b > 6c > 6a. Compound 6b was more active than compound 6a, though both bore the p-bromophenyl. This is due to the presence of the carbonyl substituent that enhanced the activity of compound 6b. Despite increasing the aromaticity of the substituent in the synthesized compounds 6c-f, the majority of these compounds showed low interaction with the DPPH radical.
However, the substitution of electron donating or electron withdrawing (EDG or EWG, respectively) on the aromatic ring effected DPPH • scavenging activities for the synthesized compounds. In compounds 6e and 6f the presence of EDGs, methyl and methoxy groups on the phenyl ring at the para-position might favor the activity, whereas the remaining compounds with EWGs showed less antiradical activities. The results from the above experiments thus confirm that the antioxidant activities are more pronounced in oxadiazole compound 5 having the NH group compared to the ones with S-alkylation. This may be due to the presence of the NH group, which can easily donate hydrogen compared to a CH2 group. Previously reported work has described the proposed mechanism [39] , in which both thiol and thione tautomeric forms are responsible for the antioxidant activity. The interaction of the oxadiazole derivatives with the DPPH free radical indicates their free radical scavenging ability. Compounds 6a-f did not reach 50% inhibition of the DPPH radicals within the concentration range investigated in this study. In contrast, S-alkylation of compound 5 eliminated its activity, which indicates the critical role of the exchanging proton for the antioxidant behavior of the compound, thus suggesting the involvement of this bond in a HAT mechanism. Previous studies have already stated the importance of non-S-alkylated thioamide [49] , especially the antioxidant activities for the thiourea group [50] . It is assumed that the low remaining radical scavenging activities following S-alkylation originates from a SET mechanism, which involves electron transfer followed by proton abstraction.
The DPPH free radical scavenging activity of compounds 6a-f can arise either from a methylene (CH 2 ) group attached to the 3,4,5-trimethoxyphenyl ring or from the CH 2 near the oxadiazole moiety. A reactive free radical can undergo electron transfer or abstract an H-atom from either of these two sites [51, 52] . The low activity of S-alkylated derivatives of 5 indicate that hydrogen abstraction from the -CH 2 group in these compounds by DPPH is not a favored process. The order of DPPH radical scavenging activities based on maximal inhibition, of the oxadiazole derivatives 6a-f were 6f > 6e > 6d > 6b > 6c > 6a. Compound 6b was more active than compound 6a, though both bore the p-bromophenyl. This is due to the presence of the carbonyl substituent that enhanced the activity of compound 6b. Despite increasing the aromaticity of the substituent in the synthesized compounds 6c-f, the majority of these compounds showed low interaction with the DPPH radical.
However, the substitution of electron donating or electron withdrawing (EDG or EWG, respectively) on the aromatic ring effected DPPH ‚ scavenging activities for the synthesized compounds. In compounds 6e and 6f the presence of EDGs, methyl and methoxy groups on the phenyl ring at the para-position might favor the activity, whereas the remaining compounds with EWGs showed less antiradical activities. The results from the above experiments thus confirm that the antioxidant activities are more pronounced in oxadiazole compound 5 having the NH group compared to the ones with S-alkylation. This may be due to the presence of the NH group, which can easily donate hydrogen compared to a CH 2 group.
DFT Study of the DPPH Radical Scavenging Activities of Oxadiazole
In the absence of either OH or NH groups, H-abstraction from the two CH 2 groups in the oxadiazole derivatives has been compared by density functional theory (DFT) calculations. Computational studies were carried out on compounds 6a and 6b in order to compare the energy between the abstraction of an H atom from the CH 2 groups at the two different sites ( Table 3 ). The BDE for each CH radical position is achieved by taking the difference between the total energy of the parent molecules and the total energy of the free radical species. 
In the absence of either OH or NH groups, H-abstraction from the two CH2 groups in the oxadiazole derivatives has been compared by density functional theory (DFT) calculations. Computational studies were carried out on compounds 6a and 6b in order to compare the energy between the abstraction of an H atom from the CH2 groups at the two different sites ( Table 3 ). The BDE for each CH radical position is achieved by taking the difference between the total energy of the parent molecules and the total energy of the free radical species. Table 3 shows the figure of radical molecules in which the H atom has been abstracted at two positions, r1 and r2. The BDE of 6a-r2 is slightly lower than BDE for 6a-r1 showing that the abstraction of the H atom from the r2 position gave a more stable radical than r1. This is probably due to the phenyl ring attached to the bromine atom, creating an electron withdrawing group and thus, increasing the radical stability at the r2 position. For compound 6a the bond lengths for H-CH (r1) and H-CH (r2) were calculated and the values are 1.095 Å and 1.099 Å. The total energy for 6a-r2 was higher than 6a-r1, which showed that the hydrogen abstraction from 6a-r2 to form radical is more favorable compared to 6a-r1. As shown in Table 3 , the dissociation processes are calculated to be barrier-less and the energy required to break the H-CH (r1) and H-CH (r2) bonds are predicted with values 290.0 kcal/mol and 278.2 kcal/mol, confirming that the H-CH (r2) was weaker. However, bond lengths for H-CH (r1) and H-CH (r2) for compound 6b are 1.096 Å and 1.082 Å, which means the bond distance of H-CH (r2) is shorter and the process of H abstraction is possibly easier in H-CH (r1) than H-CH (r2). The energy of the radicals suggests that in compound 6b, the H-CH (r1) is more stable than the H-CH (r2), thus the abstraction of the radical in r1 is preferred over r2.
The BDE value of 6b-r1 is lower than 6b-r2, confirming that the H-CH (r1) bond is weaker and the spin density of the H-CH (r1) and H-CH (r2) are 0.921 and 0.979 respectively, showed that the abstraction of H from H-CH (r1) is possible compared to H-CH (r2) [38] . Furthermore, the highest occupied molecular orbital (HOMO) energy which characterizes the ability of electron-giving is appropriate to represent the free radical scavenging efficiency of the compounds because the process to inhibit auto-oxidation may include the electron transfer besides the abstraction of the H-atom [53] . On the other hand, the atomic sites characterized by high density of the HOMO distribution are very sensitive to the attack of free radicals and other reactive agents. The higher energy HOMO orbital is delocalized, the more numerous are the electron sites, and more redox reaction will occur [54] .
The HOMO distribution for compounds 6b-f ( Figure 5 ) gave a picture that supports the explanation of the hydrogen abstraction above. The delocalization of electron distribution occurred surrounding the r1 position, the trimethoxybenzyl site, which suggests that the electron distribution is quite stable in this region, and the favorable mechanism for these compounds may be the SET mechanism. 
The HOMO distribution for compounds 6b-f ( Figure 5 ) gave a picture that supports the explanation of the hydrogen abstraction above. The delocalization of electron distribution occurred surrounding the r1 position, the trimethoxybenzyl site, which suggests that the electron distribution is quite stable in this region, and the favorable mechanism for these compounds may be the SET mechanism. Table 3 shows the figure of radical molecules in which the H atom has been abstracted at two positions, r1 and r2. The BDE of 6a-r2 is slightly lower than BDE for 6a-r1 showing that the abstraction of the H atom from the r2 position gave a more stable radical than r1. This is probably due to the phenyl ring attached to the bromine atom, creating an electron withdrawing group and thus, increasing the radical stability at the r2 position.
For compound 6a the bond lengths for H-CH (r1) and H-CH (r2) were calculated and the values are 1.095 Å and 1.099 Å. The total energy for 6a-r2 was higher than 6a-r1, which showed that the hydrogen abstraction from 6a-r2 to form radical is more favorable compared to 6a-r1. As shown in Table 3 , the dissociation processes are calculated to be barrier-less and the energy required to break the H-CH (r1) and H-CH (r2) bonds are predicted with values 290.0 kcal/mol and 278.2 kcal/mol, confirming that the H-CH (r2) was weaker. However, bond lengths for H-CH (r1) and H-CH (r2) for compound 6b are 1.096 Å and 1.082 Å, which means the bond distance of H-CH (r2) is shorter and the process of H abstraction is possibly easier in H-CH (r1) than H-CH (r2). The energy of the radicals suggests that in compound 6b, the H-CH (r1) is more stable than the H-CH (r2), thus the abstraction of the radical in r1 is preferred over r2.
Ferric Reducing Antioxidant Power (FRAP) Activities
The FRAP assay measures the ability of antioxidants to reduce the ferric ion Fe 3+ [55, 56] , which may indirectly reflect the antioxidant capacity. The mechanism of FRAP assay is based totally on SET. Electron-donating ability is determined by the one-electron oxidation potential of the parent antioxidants, expressed by definition as the reduction potential of the corresponding radicals. As seen in Table 1 , the FRAP values show a similar trend with the DPPH radical scavenging results indicating higher activities for thiosemicarbazides 3a-e and oxadiazole 5, and much lower activity for triazoles 4a-e and oxadiazoles 6a-f. However, compound 3f which showed high DPPH radical scavenging activity, had low activity in the FRAP assay. This may be an indication of structural dependence of the antioxidant reaction in the DPPH assay. The activity order for the thiosemicarbazides based on the substituents in compounds 3e > 3b > 3d > 3c > 3a > 3f reflects the role of electron donating and withdrawing substituents to increase and decrease antioxidant capacity in this assay.
Compounds 3e and 3b bearing m-methyl and p-methoxy groups were highly active, with FRAP values of 2519 ± 103 and 2476 ± 64 µM, respectively, compared to ascorbic acid and BHT. Compounds 3d and 3c bearing p-methyl and o-methoxy groups also showed higher activity than BHT but less than ascorbic acid (AA), with values 1905 ± 42 and 1566 ± 26 µM respectively. Compounds 3a and 3f with electron withdrawing substituents showed much lower activities. The results clearly show that the higher activities for thiosemicarbazides while their conversion to triazole thiols 4a-e reduced the activity, which might be attributed to the disappearance of the H atom on the nitrogen of thiosemicarbazide structure and and to fewer resonance structures. Oxadiazoles 6a-f showed rather limited activities in FRAP, whereas compound 5 exhibited higher activity than BHT with a value of 1688 ± 12. Thus, from this feature of the synthesized compounds virtually all of the thiosemicarbazide derivatives are likely to exhibit favorable antioxidant properties.
Materials and Methods
General Information
Commercial chemicals and solvents were used without purification. NMR spectra were measured on a Bruker 400 MHz FT-NMR spectrometer (Bruker, Falladen, Switzerland) using DMSO-d6 
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Compounds 3e and 3b bearing m-methyl and p-methoxy groups were highly active, with FRAP values of 2519˘103 and 2476˘64 µM, respectively, compared to ascorbic acid and BHT. Compounds 3d and 3c bearing p-methyl and o-methoxy groups also showed higher activity than BHT but less than ascorbic acid (AA), with values 1905˘42 and 1566˘26 µM respectively. Compounds 3a and 3f with electron withdrawing substituents showed much lower activities. The results clearly show that the higher activities for thiosemicarbazides while their conversion to triazole thiols 4a-e reduced the activity, which might be attributed to the disappearance of the H atom on the nitrogen of thiosemicarbazide structure and and to fewer resonance structures. Oxadiazoles 6a-f showed rather limited activities in FRAP, whereas compound 5 exhibited higher activity than BHT with a value of 1688˘12. Thus, from this feature of the synthesized compounds virtually all of the thiosemicarbazide derivatives are likely to exhibit favorable antioxidant properties.
Materials and Methods
General Information
Commercial chemicals and solvents were used without purification. NMR spectra were measured on a Bruker 400 MHz FT-NMR spectrometer (Bruker, Falladen, Switzerland) using DMSO-d 6 as solvent. HRESI mass spectra were recorded at the Department of Chemistry at the University of Singapore on a MAT 95 x1-T spectrometer at 70 eV (Agilent Technologies, Santa Clara, CA, USA). Melting points were determined using a Mel-Temp II melting point apparatus (Laboratory Devices Inc., Holliston, MA, USA) and are uncorrected. IR spectra were recorded on a RX1 FT-IR spectrometer (Perkin-Elmer, Waltham, MA, USA). The absorbance of the reaction mixtures in the DPPH and FRAP assays were determined by UV spectroscopy using a Power Wave X340, BioTek Inc, Instrument (Winooski, VT, USA). The detailed spectrums and analyze are available in Supplementary Materials. A mixture of compound 2 (1.20 g, 3.6 mmol), anhydrous potassium hydroxide (0.6 g, 10.7 mmol), carbon disulfide (0.91 mL, 15.1 mmol) and absolute ethanol (15 mL) was refluxed for 24 h. The solvent was removed in vacuum and the residue was poured on 100 mL ice water and acidified with 5% HCl. The precipitate was collected, washed with water, dried and crystallized from ethanol to give a white solid (1. A mixture of aryl acid hydrazide (10 mmol), chloroacetic acid (1.0 g, 10.5 mmol) and POCl 3 (7 mL, 73 mmol) was refluxed for 6 h. The reaction mixture was poured onto crushed ice. The resulting precipitate was filtered, washed with saturated aqueous sodium bicarbonate and water, and then dried and recrystallized from ethanol [25, 57] . The antioxidant activity was performed using a modified DPPH radical scavenging protocol reported by Brand-Williams [34] . The test compounds were initially dissolved in dimethyl sulfoxide (DMSO). The reaction mixture was prepared by mixing 195 µL of a 100 µM methanolic solution of DPPH with 50 µL of the test compounds at different concentrations (0-1000 µg/mL). BHT and ascorbic acid (AA) were used as positive controls and were run in parallel. After 30 min of incubation in the dark at room temperature, the absorbance of the reaction mixture was read at 515 nm. As result of the decreased absorbance, the colour of the reaction mixture changed from purple to yellow. The radical scavenging activity was calculated according to the following equation:
Scavenging activity, % " rpA 0´A1 q{A 0 sˆ100
( 1) where A 0 is the absorbance of the DPPH radical without a sample or standard; and A 1 is the absorbance of the DPPH radical with a sample or standard. IC 50 values which represent the efficient concentration of the standards and samples that inhibit 50% of the DPPH radicals were calculated and expressed in µg/mL [58] [59] [60] . Results were also expressed as percentage inhibition of the DPPH radicals at 125 µg/mL concentration.
Ferric Reducing Antioxidant Power Activity (FRAP)
The FRAP assay was determined with slight modifications, according to the method described by Benzie and Strain [56] . Three reagents were initially prepared: 300 mM acetate buffer (pH = 3.6), 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mM HCl and 20 mM FeCl 3 . The FRAP working solution was freshly prepared by mixing the acetate buffer with the TPTZ solution in 20 mM FeCl 3 in a ratio of 10:1:1 (v/v/v), respectively. Five microliters of the sample or standard was mixed with 300 µL of the FRAP reagent, followed by a 30 min incubation period at 37˝C. Subsequently, the increase in the absorbance of the coloured product was measured at 595 nm. The results were calculated, based on a calibration curve plotted using iron sulfate (FeSO 4 ) (0-1 mM).
Computational Details
All calculations were performed using the Gaussian 09 program [61, 62] . The geometry of each molecule and radical in the DMSO solvent-phase was optimized using the DFT method with a UB3LYP function without any constraints. The calculations were performed using B3LYP/6-311++G** (d,p) level of theory to perform the most reliable optimization of the geometrical parameters and to calculate physical descriptors characterizing their antioxidant ability in particular, the homolytic bond dissociation enthalpy (BDE), HOMO orbital distribution and spin density.
Conclusions
In conclusion, this study reports the preparation of new heterocyclic compounds and their analogs bearing the 3,4,5-trimethoxybenzyl moiety and evaluates the differences between their antioxidant activities. Thiosemicarbazide compounds 3a-f showed the highest activity, more than their cyclized molecules, the triazoles 4a-e. Electron withdrawing substituents enhanced the antioxidant activities in thiosemicarbazides and para-substituted derivatives were more active than ortho ones. This is believed to be due to the intramolecular hydrogen bond which also disfavours the DPPH scavenging activity of the ortho-hydroxy substituent. The S-alkylation of compound 5, 2-thioalkyl-1,3,4-oxadiazoles practically eliminated antioxidant activity, which indicated that an unalkylated thioamide group (with an ionizable proton) is a good free radical scavenger.
Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/21/ 2/224/s1.
